Clinical observation suggests the coexistence of increased internal hip rotation in limbs with clubfoot, thereby providing an additional, and perhaps overlooked, site of deformity to account for an intoeing gait in these limbs. Furthermore, assuming a genetic basis exists for exaggerated femoral and/or acetabular anteversion, which are the possible cause(s) for increased internal hip rotation, this association could provide another key to the multifactorial etiology of clubfoot. We asked whether such an association exists and retrospectively reviewed 114 children (178 clubfeet). We then tested for an association between clubfoot and increased internal hip rotation. These rotational measurements were compared with published normative data on torsion in children. In cases of unilateral clubfoot, an additional analysis compared the rotational profiles of the affected and unaffected extremities.
Introduction
Clubfoot, the most common congenital deformity of the musculoskeletal system, is believed to be etiologically multifactorial [2, 5, 7, 8, 10, 14, 26, 34] . This means it is the result of the interaction of several genes and, to some extent, environmental factors. The etiologic genes have not been specifically identified and only some environmental associations such as maternal smoking [14, 29] and familial ligament laxity [24] have been elucidated. The identification of genetic and environmental associations should help determine the etiology.
Studies investigating idiopathic clubfoot have reported that other musculoskeletal abnormalities commonly occur in conjunction with this foot deformity. For instance, numerous studies document the association between tibial shortening, internal tibial torsion, and idiopathic clubfoot [15, 18, 27, 31] , leading some investigators to conclude idiopathic clubfoot is part of a pathologic condition affecting the entire distal lower extremity. However, Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution has approved the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. clinical observation by the senior author (VSM) over a period of more than two decades suggests the coexistence of increased internal hip rotation in limbs with clubfoot. Furthermore, anecdotal comments exist in the pediatric orthopaedic literature suggesting clubfoot may be associated with more proximal abnormalities, specifically increased femoral anteversion [22] . These anecdotal observations, if they were to withstand scrutiny, would broaden our understanding of idiopathic clubfoot as part of a condition that affects the entire lower extremity. The interaction of the genes that cause tibial torsion, limb shortening, and/or femoral or acetabular anteversion with the gene or genes that code for clubfoot could be among the factors necessary to create a clubfoot.
Additionally, placing idiopathic clubfoot in this larger context has clinical implications. It calls attention to deformities at multiple levels of the lower extremity, the manifestations of which may obscure or compound one another. For instance, increased femoral anteversion, a proximal limb deformity, creates inward rotation of the limb and foot that to the casual observer might appear to represent residual or recurrent clubfoot deformity when none exists.
We were unable to find any clinical studies evaluating hip rotational profiles in children with clubfoot. In the orthopaedic literature and in conversations among many orthopaedists, greater than average internal hip rotation combined with less than average external hip rotation has generally been equated with femoral anteversion, despite the fact that rotational motion at the hip joint does not necessarily accurately represent the torsional shape of the femur [1, 3, 4, 9, 19, 21, 28, 32, 33] . This is in contrast to the clinical assessment of tibial torsion in which the torsional shape of that bone is measured directly by comparing the axis of the foot to that of the femur when the knee is flexed 90°and the ankle is in neutral dorsiflexion.
The assumption that increased internal hip rotation equals femoral anteversion ignores acetabular anteversion, which can produce the same rotational variation [32] . Since clinical torsional assessment cannot differentiate between the two, we have chosen in this article to discuss our findings in terms of increased internal hip rotation as a proxy for femoral and/or acetabular anteversion. The exact site(s) of deformity is not relevant to the purposes, findings, and at least some of the implications of this study.
In 1992, before computed tomography techniques for assessing torsion were perfected, Ruwe et al. reported that CT underestimated femoral anteversion and that clinically determined anteversion more accurately matched the femoral anteversion determined intraoperatively with metallic implants and fluoroscopy [28] . They did not study limbs with clubfoot. Using CT, Cuevas de Alba et al. in 1998 reported no difference in anatomic femoral anteversion between normal limbs and those with clubfoot [6] . They did not measure acetabular version nor did they report the clinical rotational hip profiles of their subjects.
Fortunately, the literature has established normative data for the rotational hip profiles of children against which the rotational hip profiles of children with idiopathic clubfoot may be compared [32] . Moreover, several studies have established the reproducibility of the routine clinical assessment of torsional alignment that is most often used by the pediatric orthopaedist [1, 3, 4, 9, 19, 21, 28, 32, 33] . This information helps to justify the use of the physical exam, in contrast to imaging studies, because it is reproducible, quick, inexpensive, avoids radiation exposure, and measures what we observe clinically.
We tested the following hypotheses: (1) increased internal hip rotation exists in extremities affected by clubfoot when compared with normative data on hip rotation in children; and (2) the extremity ipsilateral to a clubfoot manifests increased internal hip rotation compared with the contralateral, unaffected extremity in cases of unilateral clubfoot.
Materials and Methods
We identified 203 patients (350 clubfeet) in a patient database between 1985 and 2005 by a systematic search using International Classification of Diseases, 9th revision codes. Our selection criteria included patients aged 3 to 18 years of age with a diagnosis of idiopathic clubfoot as documented in the medical records. All patients had been treated by serial casting and, in many cases, by surgical release. Most of the early patients in the series underwent conventional open surgical procedures, although most of the patients in the last decade of the study were treated using the Ponseti nonsurgical method [25] . We obtained all data in this single-center study by retrospective chart review of orthopaedic notes written by the senior author (VSM), who established the diagnosis of clubfoot and performed the rotational hip examinations. The torsional assessment is being reported as the magnitude of internal hip rotation, in degrees, rather than as femoral anteversion. As noted above, clinical torsional measurements cannot differentiate between femoral and acetabular anteversion, so we view increased internal hip rotation as a proxy for femoral and/or acetabular anteversion. We excluded patients from the study using the following criteria in an attempt to focus on cases of idiopathic clubfoot and to minimize any confounding clinical factors: (1) teratologic equinovarus deformity, including arthrogryposis, cerebral palsy, congenital constriction bands, myelomeningocele, and other neurologic diseases or syndromes; and (2) other limb deformities such as developmental dysplasia of the hip, femoral or tibial fractures, and other pathologic conditions of the knee and hip. Of the 203 patients who met the inclusion criteria, 114 patients with 178 clubfeet had rotational profiles in the medical records ( Fig. 1 ). Sixtyfour patients (128 feet) had bilateral involvement, 25 patients had unilateral right clubfoot, and 25 had unilateral left-sided deformity.
We collected hip rotation measurements with the patient in the prone position and with the knees flexed 90°; all measurements were made by one investigator (VSM) using visual estimates. While maintaining a level pelvis, the hips were internally and externally rotated to the position maintained by gravity alone while ensuring relaxation of the hip and knee musculature (Fig. 2 ). With 0°defined as perpendicular with the examination table and 90°as parallel with the table, both internal and external hip rotation were determined and recorded for both extremities.
We compared clinical rotational hip data with the agematched normative data published by Staheli et al. [32] . The mean and confidence intervals for internal and external rotation for these extremities were then plotted with the age-matched normative data. The group individual normative internal rotation values by age were compared by t-test with the rotation values of 64 children with bilateral clubfeet and 50 with unilateral clubfeet. For participants with unilateral clubfoot, we compared the values for the hip ipsilateral to the clubfoot with those for the contralateral (unaffected) limb to determine relative torsional variation using a paired t-test. The mean internal hip rotation ipsilateral to the clubfeet was 62.4°(SD 14.7°) with a range of 15°-85°. For the contralateral unaffected limb, the mean internal hip rotation was 50.6°(SD 15.0°) with a range of 15°-80°with no significant difference in variance (p = .52 and .73 respectively). The incidence of a difference in internal hip rotation greater than or equal to 10°as compared to the nonaffected limbs was tested with the chi square test in the sample of 50 children with unilateral clubfeet. We performed all analyses completed with SPSS version 13.0 (SPSS Inc, Chicago, IL).
Results
The mean internal rotation of the hips ipsilateral to both unilateral and bilateral clubfeet was greater (p = 0.001) than that of the average age-matched normative data ( Fig. 3) . Conversely, the mean external rotation of these hips was less (p = 0.001) than the average age-matched normative control data. When considered separately, the hips of patients with bilateral clubfeet had greater (p = 0.001) mean internal rotation than the matched normative data (Fig. 4) .
When comparing the affected limbs of patients with unilateral clubfeet, we observed more (p = 0.001) internal hip rotation than in the normative controls ( Fig. 5 ) and more (p = 0.001) than in the contralateral (nonclubfoot) limbs ( Fig. 6 ). Compared to the contralateral limb, a greater percentage of patients with unilateral clubfoot (41 of 50, or 82%) had greater than or equal to ten degrees of increased internal hip rotation than those with less than ten degrees difference (9 of 50, or 18%) (p = 0.02). The amount of excessive internal rotation in the hip ipsilateral to a clubfoot was clinically apparent but rarely dramatic, usually only 10°t o 20°, making careful assessment important. Only 26 of 178 cases (15%) of extremities with clubfeet had internal rotation of the hip beyond two standard deviations that, according to Staheli's normative data, is 80°.
Finally, the mean internal hip rotation of the contralateral nonclubfoot limb was similar to (p = 0.14) that of the normative data (Fig. 7 ). Patients Fig. 1 The distribution of participants by age (n = 114) is shown. Fig. 2 The clinical assessment of internal hip rotation is demonstrated, showing increased internal hip rotation ipsilateral to the right clubfoot. Age in Years Internal Hip Rotation in Degrees Fig. 3 There was increased internal rotation of hips ipsilateral to a clubfoot (n = 178, bilateral and unilateral) sorted by age and compared with age-matched normative data [32] . Open circles = mean measurements for all bilateral and unilaterally affected limbs in study patients by age group; dashed lines = average and two standard deviations for study patient data; solid circles = mean measurements for age-matched normative controls; solid lines = average and two standard deviations for age-matched normative control data. There was increased internal rotation of hips in limbs with bilateral clubfeet (n = 128) sorted by age and compared with agematched normative data [32] . Open circles = mean measurements for all bilateral clubfoot limbs in study patients by age group; dashed lines = average and two standard deviations for study patient data; solid circles = mean measurements for age-matched normative controls; solid lines = average and two standard deviations for agematched normative control data. There was increased internal rotation of hips ipsilateral to a unilateral clubfoot (n = 50) sorted by age and compared with agematched normative data [32] . Open circles = mean measurements for all unilaterally affected limbs in study patients by age group; dashed lines = average and two standard deviations for study patient data; solid circles = mean measurements for age-matched normative controls; solid lines = average and two standard deviations for agematched normative control data. There was increased internal rotation of hips ipsilateral to a unilateral clubfoot (n = 50) sorted by age and compared with the contralateral nonaffected side. Open circles = mean measurements for hips ipsilateral to a unilateral clubfoot by age group; dashed lines = average and two standard deviations for hips ipsilateral to a unilateral clubfoot; solid circles = mean measurements for hips in contralateral nonaffected side by age group; solid lines = average and two standard deviations for hips in contralateral nonaffected side.
Discussion
Clubfoot is a common congenital deformity that is considered multifactorial in etiology. Some of the factors are genetic and others are environmental. Identification and investigation of all apparent associations with clubfoot should help to determine the complex etiology. Over the past two decades, the senior author (VSM) has observed that, based on physical examination, the hip ipsilateral to a clubfoot has greater than normal internal rotation. We tested, and confirmed, the hypotheses that increased internal hip rotation exists in extremities affected by clubfoot when compared with normative data on hip rotation in children; and the extremity ipsilateral to a clubfoot manifests increased internal hip rotation compared with the contralateral, unaffected extremity in cases of unilateral clubfoot.
A potential shortcoming of the approach used in this study is the fact that it is a retrospective chart review. Eighty-nine patients could not be included because no rotational profile had been recorded in the medical record and they did not present for further examination. It is possible that the exclusion of these patients could introduce selection bias into our study. However, selection bias could not account for the fact that 41 of 50 subjects (82%) with unilateral clubfoot manifested a greater than 10°increase in internal hip rotation when comparing the extremity with clubfoot with their unaffected extremity.
Another potential shortcoming of the study is the fact that the hip rotation measurements were made by a single examiner. Several studies [3, 4, 19] have demonstrated that variability by one tester, as in our study, is less than interexaminer variability, especially for a specific population. Luchini and Stevens specifically cautioned against interexaminer reproducibility (not intraexaminer reproducibility) when focusing on the torsional exam in children younger than 3 years of age, a difficult population to assess and one that was, therefore, excluded from the present study [20] .
The reliability of our measurements, when compared with the published normative data, was confirmed by our finding that there was no difference in internal hip rotation between the contralateral nonaffected limb in unilateral cases and the age-matched normative control data.
Clinical examination, rather than imaging studies, was used to assess hip rotation, because the exact site(s) of deformity, whether femoral or acetabular, was less important to us than the observation that an association between idiopathic clubfoot and increased internal hip rotation exists. The literature documents the reproducibility of the clinical assessment of torsion to within 4°, regardless of the specific clinical method used by the individual investigator, in multiple studies spanning four decades [1, 3, 4, 9, 19, 21, 23, 28, 32, 33] . Our finding of greater than 10°of relative internal hip rotation in an extremity with a clubfoot compared with an unaffected limb notably falls beyond this measurement, thereby increasing confidence in the validity of our data. Other studies support the assertion that physical examination is more clinically valid than imaging modalities such as CT and MRI in evaluating torsion [12, 16, 28, 33] .
The association between clubfoot and femoral anteversion (not internal hip rotation) was investigated by Cuevas de Alba et al. in 1998 using CT measurements on a sample population of 47 children in which there were 70 clubfeet [6] . They found no difference in femoral anteversion between the normal limbs and those with clubfoot. If this is true, it suggests that our clinical observations are the result of acetabular anteversion, an anatomic feature not measured in the CT study of Cuevas de Alba et al. [6] , but one that can account for greater internal and less external hip rotation than normal. The combination of femoral and acetabular version results in the hip rotational profile that is measured and clinically apparent. Ruwe et al. reported the clinical examination more accurately matched femoral anteversion measured intraoperatively, using metallic implants and fluoroscopy, than those measured with either preoperative radiographic techniques or CT [28] . That study was performed in 1992, perhaps before the CT There was no difference in internal rotation of hips in the contralateral nonaffected limbs (in patients with unilateral clubfeet; n = 50) sorted by age and compared with age-matched normative data [32] . Open circles = mean measurements for contralateral nonaffected limbs (in unilateral cases) by age group; dashed lines = average and two standard deviations for contralateral nonaffected limbs (in unilateral cases); solid circles = mean measurements for age-matched normative controls; solid lines = average and two standard deviations for age-matched normative control data. technique was perfected. Regardless of the reason for inaccuracy of the CT in that study, the important observation was that the clinical determination of femoral anteversion was within 4°of the anteversion measured intraoperatively. More recent studies [16] suggest a CT scan is no more reliable than the 4°mean error produced by the physical examination. The radiation exposure, expense, and inconvenience of obtaining the information by CT are, therefore, hard to justify. Although multiple studies assert that MRI is more accurate, Tamari et al. concede the clinical examination ''had a good level of association'' and is the preferred clinical screening tool [12, 33] .
Unlike CT, physical examination is reproducible, quick, inexpensive, avoids radiation exposure, and measures what we observe clinically [28] . Using the prone torsional profile examination, the preferred screening tool used in the clinical setting to assess hip rotation, we found an increase in internal hip rotation in extremities with clubfoot deformity compared with published normative values. The differences are clinically apparent, but rarely extreme. Moreover, we show that in patients with unilateral clubfoot, the extremity ipsilateral to the foot deformity manifests increased internal hip rotation when compared with the unaffected extremity with an average difference between affected and unaffected sides of greater than 10°. Previously published literature describes idiopathic clubfoot as a deformity of the distal extremity with associated tibial shortening and internal tibial torsion [15, 18, 31] . Our findings are the first to suggest idiopathic clubfoot is more than a distal extremity problem. The whole limb manifests abnormal clinical features.
We did not attempt to establish normative data for the population of children with a clubfoot deformity, but did call attention to the fact that these children often have deformities at multiple levels in the lower extremity. A 10°i ncrease in internal hip rotation may have clinical importance when combined with internal rotation from a clubfoot that manifests residual adductus of the forefoot or inversion of the hindfoot. However, of more importance is identifying the true site(s) of intoeing when the clubfoot is wellcorrected. The senior author has been consulted, after the fact, on several cases in which an adequately corrected clubfoot had undergone an inappropriate deformity-producing operation on the foot or tibia for the indication of intoeing that was, in fact, the result of increased internal hip rotation. Evaluation of any foot deformity, particularly a clubfoot deformity, must include evaluation of the entire limb.
The association we found between idiopathic clubfoot and increased internal hip rotation has implications for the genetic basis of clubfoot. Guidera et al. reviewed the multifactorial intrauterine factors that contribute to lower extremity torsional deformities [13] . The consensus in the literature is that intrauterine molding accounts for most torsional abnormalities and once compressive forces are removed after birth, a gradual decrease of these deformities is usually observed [11, 17, 31] . However, Staheli and others concede that genetic factors may account for more pronounced or persistent torsional abnormalities [8, 10, 14, 30] . It is unknown if a single gene or multiple factors are involved. As previously noted, a number of investigators have proposed that idiopathic clubfoot has a genetic basis and is multifactorial in origin [2, 5, 7, 8, 26, 34] . The association we found between increased internal hip rotation and idiopathic clubfoot suggests that the genetic basis of femoral and/or acetabular anteversion, which are the likely cause(s) for increased internal hip rotation, may play a role in the etiology of idiopathic clubfoot. The converse is not suggested by this study.
Idiopathic clubfoot has traditionally been viewed as part of a constellation of deformities that affects the distal part of the extremity. Our data suggest a more proximal deformity is often present in the form of increased internal hip rotation, suggesting the entire extremity is involved in the underlying disease process. Clinical evaluation of intoeing in children with a history of clubfoot, whether or not corrected and regardless of type of correction, should include a careful rotational profile to determine the level of deformity, or deformities, and to guide therapeutic intervention.
